Abstract.-Species tree methods are now widely used to infer the relationships among species from multilocus data sets. Many methods have been developed, which differ in whether gene and species trees are estimated simultaneously or sequentially, and in how gene trees are used to infer the species tree. While these methods perform well on simulated data, less is known about what impacts their performance on empirical data. We used a data set including five nuclear genes and one mitochondrial gene for 22 species of Batrachoseps to compare the effects of method of analysis, within-species sampling and gene sampling on species tree inferences. For this data set, the choice of inference method had the largest effect on the species tree topology. Exclusion of individual loci had large effects in *BEAST and STEM, but not in MP-EST. Different loci carried the greatest leverage in these different methods, showing that the causes of their disproportionate effects differ. Even though substantial information was present in the nuclear loci, the mitochondrial gene dominated the *BEAST species tree. This leverage is inherent to the mtDNA locus and results from its high variation and lower assumed ploidy. This mtDNA leverage may be problematic when mtDNA has undergone introgression, as is likely in this data set. By contrast, the leverage of RAG1 in STEM analyses does not reflect properties inherent to the locus, but rather results from a gene tree that is strongly discordant with all others, and is best explained by introgression between distantly related species. Within-species sampling was also important, especially in *BEAST analyses, as shown by differences in tree topology across 100 subsampled data sets. Despite the sensitivity of the species tree methods to multiple factors, five species groups, the relationships among these, and some relationships within them, are generally consistently resolved for Batrachoseps.
Species tree inference methods have emerged as the theoretically preferred means of translating DNA sequence data into phylogenetic relationships (Maddison 1997; Degnan and Rosenberg 2009; Edwards 2009 ). These methods are necessary because gene trees are expected to deviate from the species tree under a wide variety of realistic evolutionary scenarios, including those in which the only source of discordance is incomplete lineage sorting (Degnan and Rosenberg 2006; Rosenberg 2013) . Methods that use the collection of individual gene trees in species tree estimation outperform analyses of concatenated data under many conditions (e.g., Carstens and Knowles 2007; Kubatko and Degnan 2007; Belfiore et al. 2008; Liu et al. 2010; Leaché and Rannala 2011) . Multiple different methods for inferring species trees have been developed, including methods using Bayesian (Edwards et al. 2007; Heled and Drummond 2010) , likelihood (Kubatko et al. 2009; Liu et al. 2009 ), and summary statistics (Liu et al. 2010; Jewett and Rosenberg 2012) approaches. Among these, the Bayesian method implemented in *BEAST has been relatively widely adopted (e.g., Jacobsen and Omland 2011; Camargo et al. 2012; DuBay and Witt 2012; Sousa-Neves et al. 2013; Harris et al. 2014) . As data sets grow in size, computationally fast approaches, such as those based on summary statistics, have been used increasingly (e.g., Chiari et al. 2012; Song et al. 2012; DeGiorgio et al. 2014) . In this context, comparison of the results obtained with different analysis methods on the same data set can provide valuable insights about potential sensitivities in the inference process (e.g., to violations of their assumptions) derived from differences across methods in the way molecular data are used to infer the species tree.
One question that has emerged from recent empirical (e.g., Jacobsen and Omland 2011; Sánchez-Gracia and Castresana 2012; Corl and Ellegren 2013) and simulation (Heled and Drummond 2010; Lanier et al. 2014) studies is the extent to which variation in substitution rates across genes influences species tree inference. Many animal data sets combine one or more rapidly evolving mitochondrial regions with multiple more slowly evolving nuclear genes (e.g., Leaché and Fujita 2010; Satler et al. 2011; Amaral et al. 2012; Recuero et al. 2012 ). The effects of rate variation across loci may be quite different in methods that simultaneously infer gene trees and the species tree (such as *BEAST) and methods that first infer the gene trees and then use these (e.g., STEM and MP-EST) or statistics derived from these (e.g., STAR and STEAC) as inputs for species tree inference (Lanier et al. 2014) . With sequential inference, rapidly evolving loci may have a greater impact than slowly evolving loci because of their expected greater contribution to differences in the likelihood. By contrast, loci are weighted equally when gene trees are inferred independently and then used as the input for species tree inference. In addition, mitochondria also differ from nuclear loci in their transmission mode, which affects 2015 JOCKUSCH ET AL.-SPECIES TREE INFERENCE IN BATRACHOSEPS 67 both their ploidy and their potential to introgress. In animal data sets, mitochondria are typically modeled as having one quarter the ploidy of nuclear genes. This lower effective population size may also increase their impact, because genes with lower ploidy are expected to more closely track the species tree.
For closely related species, another key question is the extent to which intraspecific sampling affects species tree inferences. Single gene studies typically incorporate extensive geographic sampling (e.g., Leaché and Reeder 2002; Esselstyn et al. 2012 ) and increased sampling of alleles has been shown to improve gene tree inference (e.g., Zwickl and Hillis 2002; Heath et al. 2008) . By contrast, because of the high variance in the coalescent process, most of the variance is expected to be across loci, leading to a sense that within-species sampling is less important for species tree methods. Simulation studies generally support this conclusion, at least with respect to topology inference (see DeGiorgio and Degnan 2013 , and references cited therein), although they suggest that within-species sampling contributes greatly to the estimation of other coalescent parameters (McCormack et al. 2009; Knowles et al. 2012) . Several empirical studies, however, highlight the importance of increased allele sampling within species (Linnen and Farrell 2008; Leaché 2009; Camargo et al. 2012; Spinks et al. 2013) . One factor that may affect the value of increasing intraspecific sampling is the extent to which reciprocal monophyly has evolved (e.g., McCormack et al. 2009; Huang et al. 2010) . This is because conspecific alleles carry independent information about species relationships when their coalescence predates speciation, but not when they coalesce within the species (Maddison and Knowles 2006) .
Here, we use a multilocus data set to infer the phylogeny of slender salamanders (genus Batrachoseps) and to investigate the effects of inference method, gene sampling, and intraspecific sampling on the inferred species tree. Batrachoseps are among the most sedentary vertebrates known (Hendrickson 1954) . Many species contain substantial genetic variation, which is highly geographically structured (Yanev and Wake 1981; Jockusch et al. 2001; Jockusch and Wake 2002; Martínez-Solano et al. 2007; Martínez-Solano and Lawson 2009) . Population densities are also very high, estimated at 700-1800 individuals/hectare in favorable habitat (Hendrickson 1954; Anderson 1960) . The genus has speciated along the Pacific Coast of North America over the last 36+ myr (Yanev 1980; Mueller 2006; Wiens 2007) . Species are largely parapatrically distributed throughout California, USA ( Fig. 1 ) and the genus range extends north into Oregon, USA, and south into Baja California, Mexico. Extensive sampling throughout the range of the genus has refined our knowledge of species ranges, and, in combination with genetic data, formed the basis for recognition of additional species (Wake 1996; Jockusch et al. 1998 Jockusch et al. , 2001 Jockusch et al. , 2012 Wake et al. 2002) . At present, 21-22 species are recognized. A geographically isolated population restricted to a few desert canyons has been treated as a species (Batrachoseps aridus) or as a subspecies of B. major. We are aware of one other set of populations that merits recognition as a distinct species (Sweet S., personal communication). Multiple species have nonmonophyletic mitochondrial DNA, but are supported on the basis of multilocus data sets (e.g., Jockusch et al. 1998 Jockusch et al. , 2012 Wake and Jockusch 2000; Martínez-Solano et al. 2012) . The placement of several species also differs substantially between trees inferred from allozymes and mitochondrial DNA sequences (Yanev 1980; Wake and Jockusch 2000; Jockusch and Wake 2002) . Despite these discordances between data sets, genetic boundaries between species are generally sharp, although some patterns suggest limited introgression where closely related species come into contact (Wake and Jockusch 2000; Jockusch et al. 2001 Jockusch et al. , 2012 .
In this article, we compare the effects of three inference methods (*BEAST, MP-EST, and STEM), population sampling, and gene sampling on species tree inference. The extensive geographic variation, including nonmonophyly of alleles within species, and discordance between data sets, which may have multiple causes, make Batrachoseps an interesting test case for the effects of sampling on different species tree inference methods. We found that intraspecific sampling had a moderate effect on the topology of the inferred species tree while the method of analysis had a much larger effect. Two of the three methods (*BEAST and STEM) were highly sensitive to exclusion of individual loci, and effectively allowed a single gene to determine some relationships in the species tree, even in the presence of conflicting information at other loci. However, the underlying causes of this sensitivity differed between methods: the sensitivity of *BEAST (to exclusion of mtDNA) reflects properties inherent to the locus, whereas the sensitivity of STEM (to exclusion of RAG1) probably results from a violation of assumptions at this locus, which likely underwent introgression between distantly related species. As data sets grow larger and individual gene trees receive less scrutiny, it becomes more important to understand the impacts that a small proportion of data may have on analyses.
MATERIALS AND METHODS

Taxon Sampling
Sampling included 89 individuals representing 21 of the 21-22 described species that are recognized in Batrachoseps and one additional set of samples from Santa Barbara Co. that was not assignable to species, and was treated as a separate, undescribed species (B. sp. nov.; Fig. 1 populations, were sampled. For species with extensive geographic ranges, or evidence of high genetic diversity, six individuals were sampled. These were chosen to span much of the geographic range and to include populations that had been previously identified as genetically differentiated. In a few cases, composite samples comprising alleles from two geographically close individuals were used (Table 1) . This was done either to avoid including unambiguously introgressed alleles or because full data were not obtained from a particular individual. Because coalescent methods are based on sampling of alleles and use only information about how alleles are associated with species, not with individuals, these composite samples should not have any negative effects on the analyses.
Limited intraspecific sampling is typical of many species tree analyses (e.g., Amaral et al. 2012; DuBay and Witt 2012; Spinks et al. 2013; Harris et al. 2014) . To investigate the effects of within-species sampling, we also created subsampled data sets, in which a maximum of two individuals per species were included. For the 12 species that were represented by six individuals, we generated 100 random samples that retained two individuals of each species. These were combined with the 17 individuals sampled from the 10 remaining species to yield 100 41-individual data sets (see Supplementary Table S1 , available from http://www.sysbio.oxfordjournals.org/ last accessed September 29, 2014, http://dx.doi.org/ 10.5061/dryad.2sc4n). For each sampled individual, both alleles were included for the nuclear genes.
Gene Sampling and Amplification
The mitochondrial gene cytochrome b (cob) and five nuclear loci were included in this study. Three of the nuclear loci were largely intronic: intron 3 of parvalbumin (pvalb); introns 7 and 8 and the intervening exon of interleukin enhancer binding factor 3 (ilf3), and intron 3 of a myosin light chain gene (the flanking exonic region had highest BLAST similarity among Xenopus tropicalis proteins to myosin light chain, phosphorylatable (mylpf ; GenBANK NP_989158.1); in our previous work , we referred to this locus as myosin light chain 2). Introns were flanked by a small amount of exonic sequence. Protein coding regions of two nuclear genes were also included: Pro-opiomelanocortin (POMC) and Recombinationactivating gene 1 (RAG1). DNA was extracted using standard methods. cob data were generated following the protocol of Martínez-Solano et al. (2007) . Nuclear gene regions were amplified and sequenced using the primer pairs listed in Supplementary Table S2 . PCRs were typically done in a 10 μl volume, containing 1 mM dNTP, 0.25-0.50 μM each primer, and 80 ng of template DNA in 1× ExTaq buffer, with 0.20-0.25 units of ExTaq DNA polymerase (TaKaRa). PCR products were cleaned with ExoSAP-IT (Affymetrix), and sequenced in one or both directions using BigDye 1.1 (Life Technologies). Fluorescent products were cleaned with Sephadex columns and then separated on an Abi 3100 or Abi 3130 sequencer.
Data Set Assembly
All sequences were examined in Sequencher (v. 4.5-5.1) (GeneCodes) and polymorphisms were checked by eye. Species tree methods are based on the coalescent, which requires allelic sequences, rather than genotypes. Nuclear sequence data were phased using a combination of approaches. Direct knowledge of phasing was obtained for genotypes with alleles of different lengths. The presence of indels leads to a shift from single to double peaks in the sequence chromatograms. After calling double peaks using a combination of automatic and manual analysis, the online program Indelligent v. 1.2 (Dmitriev and Rakitov 2008, http://imperialis.inhs.illinois.edu/dmitriev/indel.asp, last accessed September 29, 2014) was used to disassociate these into two maximally similar sequences. This allows direct determination of phase for polymorphic sites 3 (in the sequencing direction) of the indel. These sequences were combined with sequences that lacked indels, and aligned manually. In some cases, Indelligent is able to identify that a polymorphism is present, but not the exact site at which it occurs. The positions of these polymorphisms were determined by assuming that they were at sites that varied in closely related sequences. Additionally, in a small number of cases, an alternative resolution of polymorphisms following an indel led to alleles that were more divergent from each other than the alleles inferred by Indelligent, but that matched two alleles that were sampled from the species. In these cases, the two alleles that matched those already known to be present in the species were retained.
The phasing was completed computationally using PHASE v. 2.1.1 (Stephens et al. 2001; Stephens and Donnelly 2003) . This phasing was done in subsets, typically corresponding to species or major clades, as inferred by a neighbor-joining tree for the partially phased alignment. In most cases, the data sets used for phasing included samples beyond those used in the final analysis, because this increased the number of polymorphisms that were resolved. Input files were prepared using the online tool SeqPHASE (Flot 2010) . Partially known phasing information (from individuals heterozygous for an indel) was then added manually to the .known file. PHASE was run up to five times from different random seeds, and sites that were resolved at a probability of 0.8 or greater were accepted as resolved. The remaining polymorphic sites were treated as uncertainties. PHASE outputs were converted back to sequence alignments using SeqPHASE. At many sites with missing data, PHASE infers the nucleotide; these sites were converted back to missing data.
We used TOPALI v. 2 (Milne et al. 2008 ) to test for recombination in the nuclear sequences using the Difference in Sums of Squares test (McGuire and Wright 2000) ; no evidence of recombination was found.
Gene Tree Inference
Some sites were excluded prior to analysis. For intronic regions, sites that were present in only B. attenuatus and/or the subgenus Plethopsis were excluded. This was done to avoid treating several large gaps present in most samples as missing data. Additional sites were excluded in repetitive non-coding regions in which alignment was ambiguous. A priori hypotheses of partitioning were tested, and models of molecular evolution selected, using PartitionFinder v. 1.0.1 (Lanfear et al. 2012) . For the two nuclear loci that contained a single intron (with very limited flanking coding sequence), there were no clear grounds for identifying multiple partitions a priori, so a single partition was used. For ilf3, three partitions were tested: intron 7, intron 8, and exonic regions. For the three protein-coding genes, codon positions were tested. The Bayesian Information Criterion (BIC) was used to select the preferred model, and for each analysis program, the available model with the highest BIC was implemented (Table 2) . For the subsampled (41-individual) data sets, PartitionFinder was run on three subsamples, and the best model selected. When the best model differed between subsamples, the model with the highest average BIC across the three subsamples was typically selected.
A gene tree was inferred for each locus using maximum likelihood (ML) (GARLI v. 2.0, Zwickl 2006) and Bayesian (MrBayes v. 3.2, Ronquist et al. 2012 ) methods on the 89-individual data set and on the 100 41-individual subsamples. For GARLI, a minimum of 10 replicate searches from random starting trees were used. One hundred bootstrap replicates, each from a single random starting tree, were done to estimate branch support. Bootstrap support (BSS) was summarized using SumTrees v. 3.3.1 (Sukumaran and Holder 2010) . In MrBayes (MB), priors were left at their default distributions, with the exception that the shape parameter prior was set to exponential(1) and the branch length prior was set based on the mean branch length from the ML tree, following the recommendation of Brown et al. (2010) . With the exception of branch lengths and topology, parameters were unlinked across data partitions. Two independent runs, each with four chains, were run. Analyses were run for 5-20 million generations for the 89-individual data sets and 2-5 million generations for the 41-individual data sets, which initial runs showed was sufficient to achieve effective sample sizes above 300.
Species Tree Inference Three methods were used to infer the species tree: a fully Bayesian method that simultaneously infers the gene trees and the species tree, implemented in *BEAST v. 1.7.5 (Heled and Drummond 2010; Drummond et al. 2012) , and two methods that infer gene trees and the species tree sequentially, a computationally fast pseudolikelihood method implemented in MP-EST v. 1.3 (Liu et al. 2010) , and a likelihood method implemented in STEM v. 2.0 (Kubatko et al. 2009 ). These methods were selected because they reflect the range of ways in which gene trees are used to infer species trees, use a range of optimality criteria, and are in common use for empirical data. Both MP-EST and STEM take rooted gene trees as inputs; MP-EST uses the frequency of rooted triples and thus only uses topology information, while STEM uses minimum divergence times (in coalescent units) and thus also uses branch length information. The ploidy of different loci is directly specified in *BEAST; in STEM, ploidy differences are accommodated by adjustments to the rate multiplier. MP-EST assumes that all loci have the same ploidy. As implemented, all three methods assume that gene tree-species tree discordance is due exclusively to lineage sorting and thus that there is no gene flow between species.
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Sensitivity of the results to gene sampling was evaluated by running each analysis on the six fivegene subsets that result from exclusion of a single gene (Anderson et al. 2012 ). Sensitivity to intraspecific sampling was evaluated by comparing results from the full data set and the 100 41-individual data sets. We also calculated the majority rule consensus tree (with branch lengths from SumTrees) from the 100 subsamples, because simulation studies suggest this is an accurate estimate of the species tree .
The partitioning schemes and site models selected by PartitionFinder were used in the *BEAST analyses (Table 2 ). Topologies and branch lengths were linked for partitions from a single gene; other parameters were unlinked. The Yule species tree prior was used and population size was assumed to remain constant. For both the full 89-individual data set and the 41-individual subsamples, the best fitting clock model was selected by using stepping stone sampling (50-100 steps, chain length = 100,000) to compare three models: a strict clock, one relaxed clock, and two relaxed clocks (one for mtDNA and one for the nuclear loci). Within each clock group, relative rates were allowed to vary, since rates vary across data partitions. Because different clock models were preferred for the full and subsampled data sets, we also analyzed the full data set under the more parameter-rich model that was selected for the subsampled data sets. Results were summarized with posterior probabilities and Maximum Clade Credibility (MCC) trees, which were calculated with TreeAnnotator v. 2.0.2 (distributed as part of the BEAST package) using an empirically determined burn-in.
We considered two factors that could be contributing to the large effects of cob on *BEAST analyses (see Results): ploidy and amount of variation. To test the effect of ploidy, we analyzed both the full data set and the first 41-individual subsample with the cob ploidy set to 2 instead of 0.5 in *BEAST. To further investigate the weight of the mtDNA marker in *BEAST analyses, we constructed a series of data sets with increasing numbers of nuclear loci. The base for these data sets was the first 41-individual subsample data set. We mimicked the effects of sampling additional loci by adding 3, 6, or 9 nuclear "pseudoloci" to the data set; in the largest of these, mtDNA sites are 6% of the total. These were constructed as follows: the 12 species with sequence data from six individuals were divided into three non-overlapping sets of two individuals, and the 17 additional individuals (from 10 species) were added to each of these, yielding three 41-individual sets. We then took a single bootstrap resample of the three most variable nuclear loci for each of these; we call these pseudoloci. One, two, and all three of these sets of pseudoloci were combined with the original six loci (by arbitrarily designating the two individuals of each species individuals 1 and 2), and analyzed for up to 500 million generations in *BEAST. To compare the effect of adding nuclear data to that of excluding cob, an analysis of just the original five nuclear genes was also conducted on subsample 1.
For MP-EST, the ML gene tree topologies inferred by GARLI (with zero length branches retained rather than collapsed) were used as input. We observed that individual runs of MP-EST could terminate at nonoptimal solutions. Thus, we repeated each MP-EST analysis two to four times, and selected the tree with the highest likelihood. To estimate support, ML trees were inferred in GARLI for 100 bootstrapped data sets for each locus. These were then used to infer the species trees in 100 MP-EST analyses, and bootstrap proportions were estimated from these. Custom R (v. 3.0.1, R Core Team 2013) scripts (available in Dryad) were used to automate many steps in these analyses.
STEM requires ultrametric gene trees; to obtain these the GARLI gene tree topology was fixed, and parameters and branch lengths estimated under ML in PAUP* (Swofford 2003) with the molecular clock assumed. Partitioned ML analyses are not implemented in PAUP*, so each gene was treated as a single partition, and the best fit model for the gene was selected (Table 2) . We used DnaSP v. 5 (Librado and Rozas 2009) to estimate the per site theta (Theta-W) for each gene based on the number of segregating sites. Because STEM assumes a single value of theta across all branches of the tree and all sites in the sequences, we calculated the weighted (by number of analyzed sites) average across genes. Finally, the relative rates of genes need to be specified for STEM analyses. We estimated relative rates as the ratios of the depth of the root nodes in the ultrametric gene trees with branch lengths in substitutions per site and used these as rate multipliers. The rate multiplier for cob was then divided by 4 to account for the difference in ploidy.
Tree Comparisons
Robinson-Foulds (RF) distances were used to compare rooted tree topologies. These were calculated using the RF.dist function in the R package phangorn v. 1.99-1 (Schliep 2011) . Comparisons were made between point estimates of the topology (e.g., the MCC tree and MP-EST tree) and between sets of trees (e.g., trees sampled from the posterior of a *BEAST analysis and bootstrap trees from the MP-EST analysis of the same data set). We also summarized support values at multiple nodes by using the R package ape v. 3.09 (Paradis et al. 2004) to calculate the proportion of trees in the posterior or bootstrap sample that contained the clade of interest. Finally, the Mesquite v. 2.7.5 (Maddison and Maddison 2011) package TreeSetViz v. 3.0.2 (Amenta and Klingner 2002) was used to visualize the clustering of tree sets when RF distances of rooted topologies were subjected to multidimensional scaling (MDS). Table 2 shows partitioning schemes and models of sequence evolution selected using the BIC in PartitionFinder. All of the loci contained a substantial (Table 3) .
RESULTS
Gene Trees
Full Data Set Species Trees
The species tree inferred by *BEAST for the allindividual, six-gene data set is shown in Figure 2a . Five major lineages were identified, corresponding to the species groups previously recovered with mtDNA (Jockusch and Wake 2002) : the subgenus Plethopsis, and the attenuatus, nigriventris, pacificus, and diabolicus groups and relationships among the species groups are resolved with strong support (posterior probability [PP]≥0.95; Fig. 2a) . Relationships in the diabolicus group are also fully resolved, while relationships within the other species groups are less well resolved. The variation in tree topologies was reflected in an average RF distance of 7.4 among 100 trees sampled from the posterior.
The deep structure of the species tree inferred with MP-EST (Fig. 2d ) was fully concordant with that from *BEAST, but relationships within species groups differed. The *BEAST MCC tree and the MP-EST tree have an RF distance of 14. Clades that are supported by bootstrapping in MP-EST but absent in the *BEAST MCC tree include a sister group relationship between B. incognitus and B. minor (BSS = 99%) and a clade containing B. pacificus, B. sp. nov. and B. major (BSS = 79%). In MP-EST, B. simatus is inferred to be the sister taxon to B. nigriventris with moderate support (BSS = 69%), whereas in *BEAST its placement as the sister taxon to B. relictus is strongly supported (PP = 1.0). The average RF distance among MP-EST bootstrap replicates was 12.2. Despite the substantial variation in both the MP-EST bootstrap tree topologies and *BEAST posterior tree topologies, these sets are separated by an average RF of 17.7 and they are non-overlapping in TreeSetViz analyses (Fig. 3a) .
The STEM species tree (Fig. 2g ) differed substantially from the *BEAST and MP-EST species trees, with an RF distance of 24 to both. The early branching events are inferred to be the same; however, monophyly of 74 SYSTEMATIC BIOLOGY VOL. 64 FIGURE 2. Species trees inferred for 22 species of Batrachoseps. Major clades are labeled in gray. Support values along branches are PPs (for *BEAST), bootstrap percentages (for MP-EST), or percent of replicates (for subsample consensus trees). *BEAST MCC trees for a) the all-individual, six-gene data set and b) the five-gene data set excluding cob (both with a strict clock). c) Majority-rule consensus tree from *BEAST MCC trees of 100 41-individual subsamples. d) Maximum pseudolikelihood tree for the all-individual, six-gene data set from MP-EST. e) Majority-rule consensus tree from analysis of 100 subsamples in MP-EST. f) *BEAST MCC tree for the all-individual, six-gene data set (with two relaxed clocks). ML trees from STEM for g) all-individual, six-gene data set and h) five-gene data set excluding RAG1. i) Majority-rule consensus tree from analysis of 100 subsamples in STEM. For *BEAST, branch length scale bars are in substitutions/site with a mean mitochondrial clock rate of 1 in a, c, and f and a mean nuclear clock rate of 1 in b. Branch length scale bars are in coalescent units for MP-EST and STEM. In MP-EST, terminal branch lengths are not estimated and their length is arbitrarily set to 9. the nigriventris and diabolicus groups was not recovered; instead, all diabolicus group species were inferred to share a very recent ancestor with two nigriventris group species (B. gregarius and B. bramei), and this larger clade was deeply nested within the nigriventris group.
Effects of Gene Exclusion
A jackknifing approach was used to examine the sensitivity of each species tree inference method to the exclusion of each gene from the 89-individual data set. Sensitivity differed across analysis methods. All five-gene analyses in *BEAST recovered the same five major lineages with high support and the same relationships among them. However, relationships within these lineages varied. Overall, *BEAST appeared relatively insensitive to eliminating single genes (average RF distance of 3.7 from five-gene trees to the sixgene tree). However, this insensitivity resulted from dominance of the mitochondrial locus when it was included. The tree inferred in the absence of cob (Fig. 2b) had an RF distance of 18 to the six-gene tree and to all other five-gene trees (vs. RF distances of 0-4 among these). The posterior distributions of the trees from analyses including and excluding cob were almost entirely non-overlapping in MDS space (Fig. 3b) . In the *BEAST species tree inferred from the five nuclear genes, one relationship directly contradicted the nuclear + mtDNA tree: a sister group relationship between B. kawia and B. altasierrae within the diabolicus group. Several other relationships that were not supported in the six-gene data set because of conflicting signal from the mtDNA data also received strong support when cob was excluded. These include a sister group relationship between B. incognitus and B. minor, and a clade containing B. pacificus, B. major, and B. sp. nov. (Fig. 2b) . Support for placement of the deepest split within the nigriventris group also increased greatly (from PP = 0.69 to PP = 1.0). These three clades were all supported by bootstrapping in MP-EST, even when cob was included (Fig. 2d) .
Like *BEAST, MP-EST recovered the same major clades, and relationships among them, in all five-gene analyses as in the six-gene analysis. The extent of topological rearrangement was similar across genes, showing that no single locus dominated. The mean RF distance from the six-gene tree to the five-gene trees was 6.8, and the five-gene trees had an average RF distance of 8.1 to each other. The sets of bootstrap trees for all fivegene analyses show extensive overlap with each other and with the set of six-gene bootstrap trees in TreeSetViz analyses (Fig. 3c) .
Like *BEAST, STEM was highly sensitive to the exclusion of individual loci; it was also the only method that showed changes in the deep branching structure in response to exclusion of a single locus. The average RF distance between the five-gene trees and the sixgene tree was 5.7, but this resulted from large effects of removal of a few genes, combined with no effect of removing others. Exclusion of RAG1 led to recovery of monophyletic nigriventris and diabolicus groups ( Fig. 2h ; RF = 16 to six-gene tree), and thus to the recovery of the same five major lineages inferred by *BEAST and MP-EST on all five-and six-gene data sets, but not by STEM on the six-gene data set. Removal of POMC also had a large effect, but this resulted primarily from changes within the pacificus group, combined with some rearrangement within the nigriventris/diabolicus group (tree not shown; RF distance is 18 to six-gene tree).
cob Effects on *BEAST Analyses We investigated two possible causes for the strong cob effect on *BEAST analyses: its assumed lower ploidy and greater variation than nuclear loci. Changing the assumed ploidy of cob from 0.5 to 2 had a substantial effect on the species tree ( Supplementary Fig. S7c ), shifting the posterior distribution of tree topologies about half the distance between the six-gene and the five-gene (excluding cob) distributions (Fig. 3g) for the all-individual data set (mean RF distances of 10.2 and 11.5 respectively, compared with 17.0 for six-gene to fivegene). Two pacificus group clades that were recovered with strong support without cob, but not supported with cob, appeared with high support when cob ploidy was altered. When the ploidy was altered, B. regius and B. kawia were no longer inferred to be sister taxa, but B.relictus and B. simatus still were (PP = 0.94).
We investigated how many additional informative nuclear loci it would take to overcome the effects of cob in *BEAST analyses by constructing data sets with 3, 6, or 9 "pseudoloci" added to the six-gene data set for one subsample. For some relationships present in the sixgene tree, but not in the five-gene tree excluding cob, support declined gradually, but the relationship was not eliminated (e.g., B. relictus + B. simatus; Supplementary  Fig. S7g-i) , whereas in other cases, the addition of these loci was sufficient to eliminate support (e.g., the B. regius-B. kawia grouping). Even with nine pseudoloci added, the distribution of trees in the posterior was closer to the six-gene than to the five-gene posterior (mean RF distance of 9.8 vs. 11.8; Fig 3h) . For subsample 1, the effect of adding nine pseudoloci was slightly greater than the effect of changing ploidy (Fig. 3i) . These effects were not additive; simultaneously changing the ploidy and adding nine pseudoloci to subsample 1 led to trees ( Supplementary Fig. S7j ) that were about the same distance from the six-gene and five-gene trees (mean RF distances of 9.9 and 11.1, respectively).
Effects of Subsampling Individuals
Subsampling generally had less of an effect on tree topology than did the inference method. The average RF distance between species trees produced by different methods (on the same subsample) was 14.1 for *BEAST versus MP-EST, and 21. methods exceed differences between subsamples; e) different subsamples are partially non-overlapping with each other and with the all-individual data set under both clock models in *BEAST; f) subsamples overlap extensively in MP-EST. g-i) Impact of mtDNA on *BEAST analyses: g) altering the ploidy of cob in the all-individual data set shifts the posterior distribution of tree topologies about half the distance between the six-gene posterior and the five-gene posterior excluding cob; h) adding nuclear data (to subsample 1) gradually shifts the tree topologies toward those inferred without cob; i) comparison of the effects (on subsample 1) of altering cob ploidy and adding nuclear data.
space (Fig. 3d) . The average RF distances between subsample tree topologies analyzed by the same method were 8.7 for *BEAST MCC trees, 9.8 for MP-EST, and 18.5 for STEM; distributions of trees from different subsamples overlapped more extensively in MDS of the MP-EST bootstrap replicates (Fig. 3f) than the *BEAST posterior distributions (Fig. 3e) . The average RF distances from subsamples to the all-individual tree for each method were one to two distance units lower than the average values among subsamples. Despite the generally lower distances between trees in the *BEAST subsample analyses, the variation in clade support values was much greater across subsamples for the *BEAST analysis than for the MP-EST analyses in all five clades for which these values were compared (Fig. 4) . The *BEAST values spanned almost the full range of posterior probabilities. There was no or very little correlation between support values inferred for the same subsample by different methods (Fig. 4. right  panels) ; this supports the conclusion that, for this data set, analysis method had a larger effect on topology than did other aspects of study design.
It has been suggested that a computationally efficient way to estimate species trees from large data sets is to use the majority rule consensus inferred from replicated subsamples . We compared the majority rule consensus tree from replicated subsamples (Fig. 2c , e, i) to the ML (MP-EST and STEM) or Bayesian MCC (*BEAST) tree for the 89-individual data set. RF distances were 8 (MP-EST), 10 (*BEAST), and 22 (STEM), with most of the distance coming from loss of resolution in the subsample majority rule consensus trees. However, in both MP-EST and STEM, several branches present in the subsample consensus tree were absent in the tree inferred by the same method on the full data set.
Effects of Clock Model
In *BEAST, stepping stone analysis favored a more complex clock model for the 41-individual subsamples (two relaxed clocks) than for the full 89-individual data set (strict clock). To examine the contribution of differences in the clock model to differences in species tree topologies inferred for these data sets, we also analyzed the 89-individual data set under the two relaxed clock model. The average RF distance between the subsample *BEAST MCC trees (inferred with two relaxed clocks) and the all-individual MCC trees was higher for the two relaxed clock model (8.0) than for the strict clock model (6.7). Thus, the difference in preferred clock model does not account for the difference between trees inferred with the full data set and with the subsamples. However, we did discover that some relationships within species groups were sensitive to clock model choice in the full data set (Fig. 2a vs. f; Fig. 3e ; mean RF distance of 9.5 between posterior samples).
DISCUSSION
Factors Affecting Species Tree Inference
Comparisons of species trees inferred with different analytical methods and data sets indicate that, for this empirical data set from slender salamanders, the largest impact came from the choice of analysis method. STEM and *BEAST analyses were highly sensitive to the inclusion or exclusion of individual loci, whereas MP-EST was not, while the sampling of individuals had more minor, but sometimes still significant, effects on VOL. 64 tree topology. These results contrast with the simulation study of Knowles et al. (2012) , who found that method of analysis had relatively minor effects compared with sampling design. Similarly, Harris et al. (2014) recovered similar species tree topologies using *BEAST and summary statistics-based methods in a seven-species, 40-locus data set, as did Williams et al. (2013) in an 18-species, 15-locus data set using *BEAST and BUCKy. These latter two studies both also recovered significantly different topologies with STEM. Since these species tree inference methods all perform well on simulated data (Heled and Drummond 2010; Leaché and Rannala 2011) , a likely cause of differences in conclusions across studies is that methods are differentially sensitive to violations of assumptions. Two major causes of assumption violations are likely to be common in empirical data sets: error in gene tree inference (stemming from systematic biases and other sources, see Salichos and Rokas 2013) and introgressive hybridization (Mallet 2005; Bryson et al. 2010) .
In Batrachoseps, the most striking difference between methods was the failure of STEM to recover monophyletic nigriventris and diabolicus groups, two clades that are strongly supported in the *BEAST and MP-EST analyses. Although the major clades were otherwise largely concordant across analyses, with similarly strong support in *BEAST and MP-EST, relationships within three of the species groups differed in significant ways (Fig. 2) . Examples of differences include a sister group relationship between B. kawia and B. regius in *BEAST (PP = 0.98), but not MP-EST (BSS = 9%) analyses, a sister group relationship between B. relictus and B. simatus in *BEAST (PP = 1.0) analyses, that is not recovered in MP-EST (BSS = 14%) or STEM analyses, and a sister group relationship between B. minor and B. incognitus in MP-EST (BSS = 99%) that is not recovered in *BEAST (<3.9% of trees in the posterior) or STEM analyses. The relationships receiving high support in *BEAST but not in MP-EST are cases in which mtDNA recovers the *BEAST relationship, but other markers do not, whereas the relationships that are strongly supported in MP-EST, but not in *BEAST, are instances in which the mtDNA gene tree does not recover a close relationship, but some other markers do. Furthermore, in these cases of conflict, the relationships inferred by *BEAST were altered when cob was excluded. These patterns suggest that the conflicts between methods reflect, at least in part, a much greater effect of mtDNA on *BEAST analyses than on MP-EST analyses.
Leverage of Individual Genes
In animals, mitochondrial DNA differs from nuclear genes in both evolutionary rate and ploidy. Several recent studies have investigated the effects of these on species tree inference. In general, these studies have concluded that inclusion of more variable loci, like mtDNA, improves species tree inference. In particular, higher variability allows high confidence inferences with fewer loci in both simulated (Camargo et al. 2012; Sánchez-Gracia and Castresana 2012; Lanier et al. 2014) and empirical data sets (Corl and Ellegren 2013; Harris et al. 2014) . Additionally, the use of loci with lower ploidy has been found to improve species tree inference (Corl and Ellegren 2013) . Lower ploidy results in lower effective population size, thereby increasing the chance that the gene tree will match the species tree. For these reasons, multiple studies explicitly recommend inclusion of mtDNA (e.g., Sánchez-Gracia and Castresana 2012; Harris et al. 2014) . Studies that have specifically tested whether mtDNA had a disproportionate influence on the inferred species tree have generally concluded that it did not (e.g., Camargo et al. 2012; DuBay and Witt 2012; Williams et al. 2013 ). This conflicts with the result found here, and also by Jacobsen and Omland (2011) .
Our results show that mtDNA has very high leverage over the species tree inference in *BEAST (Figs. 2 and  3 ). The effects of mtDNA diminished gradually with increasing size of the nuclear data set, but even in our analysis designed to mimic the addition of nine highly informative nuclear loci, the resulting tree had a lower RF distance to the six-locus tree including cob than to the five-locus tree lacking it. These results show that a rapidly evolving locus like mtDNA can have a substantial effect, even when it constitutes a small fraction of the whole data set (see also Reid et al. 2013) . Importantly, this occurs even in the presence of nuclear loci with enough information to produce wellresolved gene trees that favor a conflicting relationship. The leverage of mtDNA in *BEAST analyses was also partially attributed to its lower assumed ploidy ( Fig. 3g  and i) . The convention of treating animal mtDNA as having one quarter the ploidy of nuclear genes rests on the assumptions that effectively only a single mtDNA copy is transmitted to each offspring and that the dynamics of males and females are similar. When these assumptions are not met (e.g., in cases of a strongly female-biased sex ratio or much higher migration rates for males) the mitochondrial effective population size may even exceed the nuclear effective population size (Ballard and Whitlock 2004) . The increased leverage of loci assumed to have lower ploidy highlights the potential consequences of inaccurate ploidy estimation on species tree analysis in *BEAST.
One explanation for the conflicting conclusions about the effect of mtDNA in different studies is that removal of mtDNA does not show evidence of disproportionate influence when the mtDNA and nuclear genes obey the model assumptions (e.g., lack of introgression) to an equal extent, whereas if mtDNA has undergone introgression (or other model violations), then a disproportionate influence may be apparent. Mitochondrial introgression is widely documented across diverse taxa (reviewed in Toews and Brelsford 2012) , and can occur even when there is little evidence of introgression at other loci (e.g., Reid et al. 2010) . We favor mitochondrial introgression as an explanation for several of the relationships recovered by *BEAST, but not MP-EST (or *BEAST with cob excluded).
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These relationships involve geographically neighboring pairs of taxa within a species group, which provides an opportunity for hybridization. The plausibility of mitochondrial introgression is further supported by a comparative analysis of 14 vertebrate clades, which found that mitochondrial-nuclear incongruence postulated to reflect mtDNA introgression was most extreme in a plethodontid salamander clade (Fisher-Reid and Wiens 2011) .
Like *BEAST, STEM results were highly sensitive to the removal of a single locus. However, it was RAG1, not cob, which had the greatest leverage. RAG1 is the only locus for which alleles from one species group were inferred to be nested among those of another species group: in the RAG1 gene tree, some nigriventris group sequences were embedded within the diabolicus group (Supplementary Fig. S5 ). The six-gene STEM tree likewise fails to recover monophyletic nigriventris or diabolicus groups, instead nesting the diabolicus group species within the nigriventris group (Fig. 2g) . Given the structure of the RAG1 tree and the plausible species trees, it is very unlikely that the RAG1 tree is a product solely of incomplete lineage sorting. Instead, recent gene flow between distantly related species may have occurred at this locus. This hypothesis is considered further below.
The sensitivity of *BEAST and STEM to removal of an individual locus shows that, in these methods, information present in a small proportion of the data is sufficient to strongly support conclusions that are in conflict with the rest of the data. Differences in which locus had the greatest effect can be explained by differences in how sequence information is used. In *BEAST, gene trees and species trees are inferred simultaneously, with the likelihood of each gene tree contributing to the species tree score (Heled and Drummond 2010) . Consequently, loci with more information are effectively weighted more strongly. By contrast, in MP-EST and STEM, loci are weighted equally because of the sequential inference process, with gene trees inferred independently then used as inputs for the species tree inference stage. A difference between these two methods is that MP-EST uses only the gene tree topologies (Liu et al. 2010) whereas STEM also uses gene tree branch lengths (Kubatko et al. 2009 ); this difference likely contributes to MP-EST's robustness to both locus exclusion and some level of reticulation (Liu et al. 2010) . Because STEM uses the most recent coalescence time across loci as the estimate of when species diverged, sampling of even a single introgressed locus between distant relatives leads to an inference of recent divergence, regardless of the coalescence times inferred for other loci. A comparison of other species tree methods also found major differences in performance between topology-based methods and those that use branch lengths on an empirical data set from pines (DeGiorgio et al. 2014) . These results suggest that the differences in performance between MP-EST and STEM may in part reflect fundamental differences between larger classes of methods.
Effects of Intraspecific Sampling
For this Batrachoseps data set, the species tree topology was less sensitive to differences in intraspecific sampling than it was to the choice of method of analysis or exclusion of individual loci. Nevertheless, intraspecific sampling had a significant effect on the species tree topology. This effect was particularly apparent in the *BEAST analyses (Figs. 3 and 4) . The range of support values indicates that there is conflict between *BEAST species trees inferred from different subsamples. The importance of within-species sampling for estimation of tree topology is expected to be data set dependent (McCormack et al. 2009 ). In a data set with a high rate of reciprocal monophyly in gene trees, little effect of within-taxon sampling was found on the topology of MCC trees inferred from *BEAST (Corl and Ellegren 2013) . By contrast, a simulation study which mimicked the conditions of a recent radiation found that increased sampling of individuals improved species tree inference substantially (Heled and Drummond 2010) . This effect was attributed to the low rate of species monophyly within gene trees. Camargo et al. (2012) found that performance improved considerably when two sequences were used instead of one, but that the benefit of increasing the sample size from two to three was negligible. Their data set, like that of Corl and Ellegren (2013) , had a relatively low frequency of species non-monophyly in individual gene trees.
Several of our results specifically demonstrate the impact of non-monophyly. A clear-cut example is the impact of sampling on support for a sister group relationship between B. major and B. pacificus; the posterior probability for this relationship ranges from 0.047 to 0.953 across the 100 subsamples, and the distribution is trimodal (Fig. 4d) . Batrachoseps major has non-monophyletic mtDNA; in the mtDNA gene tree a geographically southern clade of B. major is recovered as the sister taxon to B. pacificus, while a geographically northern clade of B. major is more closely related to three other species (Supplementary Fig. S6 ). When the subsample includes two southern B. major, support for the B. major-B. pacificus relationship is high (PP = 0.83-0.95, mean 0.90); when it includes two northern B. major, support is low (PP = 0.05-0.17, mean 0.11); and when it includes one B. major from each clade, it is intermediate (PP = 0.28-0.66, mean 0.45). Only one of six nuclear gene trees recovers a deepest split within B. major that is concordant with the mtDNA (Supplementary Fig. S6) , and a detailed analysis of B. major suggested that all discordances could be explained by incomplete lineage sorting .
Diversification of Batrachoseps
The species tree for the genus Batrachoseps identifies five major clades and resolves relationships among them in a way that differs from both the mtDNA (Jockusch and Wake 2002) and allozyme (Yanev 1980 (Fig. 1) . The nearest population of B. wrighti is in the Cascade Ranges of Oregon, about 850 km north of the other Plethopsis species. Batrachoseps robustus and B. campi are also the two most morphologically robust members of the genus, and they are much more similar to each other than either is to B. wrighti.
The species trees inferred with *BEAST and STEM are ultrametric, and thus provide estimates of relative speciation times. Speciation within Plethopsis is surprisingly shallow relative to its geographic and morphological divergence. The basal split within Plethopsis is inferred to have occurred long after the major splits in the subgenus Batrachoseps, around the same time that the pacificus, diabolicus, and nigriventris groups were diversifying (Fig. 2) . The relationships within Plethopsis support a southern California origin for this clade. All three species reach relatively high elevations (B. wrighti, sea level-1400 m; B. campi, 500-2450 m; B. robustus, 1600-2800 m), and both B. robustus and B. campi have persisted in small mesic habitat patches surrounded by unsuitable semi-arid to arid conditions (Marlow et al. 1979; Yanev and Wake 1981; Wake et al. 2002) . The gap in the range of Plethopsis includes additional mountainous regions which may harbor suitable habitat and which have not yet been thoroughly explored for salamanders. Evidence that ancestors of B. wrighti dispersed from southern California, combined with the ability of Batrachoseps to persist in inhospitable habitats, makes a search of intervening regions worthwhile.
The species tree analysis also resolved numerous clades within the subgenus Batrachoseps. The four major groups correspond to those identified previously, with the inclusion of B. gabrieli in the pacificus group. As inferred in previous analyses based on allozyme data or mitochondrial DNA sequences, B. attenuatus is the sister taxon to the other three species groups (Yanev 1980; Jockusch and Wake 2002) . The sister group relationship between the diabolicus group and nigriventris group is strongly supported by species tree analyses (although support is weaker when RAG-1 is excluded). This relationship was recovered with partial mitochondrial genomes and very limited taxon sampling (Mueller et al. 2008) but not with extensive taxon sampling and more limited gene sampling (Jockusch and Wake 2002) . Allozyme data instead recover a sister group relationship between the diabolicus and pacificus groups (Yanev 1980 ).
Monophyly of these species groups is supported by most gene trees (Table 3 and Supplementary Figs . S1-S6). While POMC fails to recover monophyly of several of the groups, this reflects limited information within the data rather than strong support for conflicting relationships. By contrast, the RAG1 tree shows strongly supported clades that are inconsistent with monophyly of the nigriventris and diabolicus groups. Two aspects of the RAG1 gene trees are strikingly discordant with the species trees. First, RAG1 from B. stebbinsi is much more closely related to RAG1 from the pacificus group than to RAG1 from the nigriventris group (in other genes, and in the overall species tree, B. stebbinsi is most closely related to or nested within the rest of the nigriventris group). Relatively long branches basal to the species groups suggest that incomplete lineage sorting is an unlikely explanation for the placement of B. stebbinsi in the RAG1 gene tree (Rosenberg 2013) . This raises the question of whether hybridization may have occurred between an ancestor of B. stebbinsi and an ancestor of the pacificus group.
Second, a shallowly differentiated clade includes all RAG1 sequences from the diabolicus group along with some nigriventris group RAG1 sequences. Although the branch uniting this mixed species-group clade was not strongly supported in ML analyses ( Supplementary  Fig. S5 ), it was strongly supported (PP = 0.99) in the Bayesian gene tree. All alleles from B. relictus, along with some alleles from B. bramei and B. gregarius are included in this clade. All diabolicus group species and these three nigriventris group species occur along the inland mountain chain, where B. gregarius occurs in or near sympatry with all species in the diabolicus group (Fig. 1) . The other alleles from B. bramei and B. gregarius are more closely related to those from B. nigriventris and B. simatus and these form a well-supported clade exclusive to the nigriventris group ( Supplementary  Fig. S5 ). In the context of the species tree, the observed mix of geographic and taxonomic clustering at RAG1 is plausibly accounted for by hybridization, but is not expected under alternative mechanisms generating gene tree-species tree discordance, such as gene duplication and loss or incomplete lineage sorting. We therefore hypothesize that hybridization between a diabolicus group species and a nigriventris group species resulted in introgression of a diabolicus group allele into the nigriventris group, and was followed by hybridization between geographically neighboring species in the nigriventris group. Further work is needed to unravel the evolutionary history of RAG1 and what it reveals about interactions among species of Batrachoseps.
CONCLUSION
Species tree inference methods are rapidly becoming the dominant tool to infer phylogenetic relationships among species from multilocus data sets, but the effects of differences between methods in how gene trees are used to infer the species tree have not yet been 81 thoroughly explored with empirical data. Our study highlights differences between methods of analysis as the major factor producing significant differences with regard to topology and clade support in an empirical data set. These differences were traced to the large effects individual loci (that, importantly, differ across methods) can have on the inferred species tree. Although mtDNA-specific effects will decrease as the proportion of informative nuclear data in a data set increases, the fact that a small proportion of the data can have high leverage remains a concern even for large data sets, because some causes of discordance (such as genome-wide introgression or systematic bias) are likely to generate the same pattern at multiple genes. Smaller, but still significant, effects on tree topology and clade support were related to differences in intraspecific sampling, emphasizing the importance of comprehensive geographic (and thus genetic) coverage of intraspecific diversity, contrary to some suggestions based on simulation studies. Whether this holds true in groups exhibiting weaker geographic structuring of genetic diversity remains to be tested. In any case, proper consideration of the three factors tested here, in addition to careful assessment of potential assumption violations, will remain paramount in robust species tree inference in future studies. 
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